Introduction {#s1}
============

HCC constitutes nearly 90 percent of all liver cancers in the United States, and liver cancer is the fifth most common cancer as well as the third most common cause of cancer related death worldwide [@pgen.1003937-Center1], [@pgen.1003937-Altekruse1]. Risk factors for HCC include obesity, alcoholism, and viral hepatitis, due to the hepatic inflammation, fibrosis, and cirrhosis associated with these conditions [@pgen.1003937-ElSerag1]--[@pgen.1003937-Starley1]. In contrast to most other cancers, HCC prevalence has more than doubled in the U.S. over the past 20 years [@pgen.1003937-Altekruse1]. Stimuli that predispose to HCC show a striking commonality in their association with stress in the endoplasmic reticulum (ER), as well as signaling through the related unfolded protein response (UPR) and integrated stress response (ISR) pathways [@pgen.1003937-Rutkowski1]--[@pgen.1003937-Dong1]. However, it is not known whether either the UPR or ISR contributes to HCC pathogenesis.

The ER participates in diverse physiological processes including membrane protein folding and trafficking, calcium storage, drug detoxification, lipid and sterol synthesis, and various steps of lipid and sugar catabolism. ER stress is caused by disruption of the organelle\'s protein folding capacity, and can be induced by varied physiological and pathological stimuli [@pgen.1003937-Rutkowski1]. ER stress is sensed by the UPR, which is initiated by three ER-resident transmembrane proteins and which culminates in alterations to gene expression that improve ER function. One of these initiating proteins is the ER-resident kinase PERK, which when activated phosphorylates the translation initiation factor eIF2α to transiently inhibit protein synthesis and to stimulate gene expression via the eIF2α-regulated transcription factor ATF4 [@pgen.1003937-Harding1], [@pgen.1003937-Walter1]. eIF2α can also be phosphorylated by other kinases in response to diverse stresses (classically: viral infection, amino acid deprivation, or heme deficiency). This pathway, termed the integrated stress response (ISR), thus shares many transcriptional targets with the UPR [@pgen.1003937-Harding2]. IRE1α and ATF6α initiate the other two branches of the UPR, but are not thought to be activated by stimuli that do not cause ER stress; thus, the ISR is characterized by eIF2α-dependent signaling in the absence of IRE1α and ATF6α signaling.

The UPR and/or ISR are implicated in the pathogenesis of multiple types of tumors including breast, colon, prostate, brain and lung [@pgen.1003937-Dong1]--[@pgen.1003937-BobrovnikovaMarjon1]. Evidence for UPR activation in human HCC tumors also exists [@pgen.1003937-Shuda1]. UPR- and ISR-mediated apoptosis appears to require the ATF4-dependent transcription factor CHOP ([C]{.ul}/EBP [Ho]{.ul}mologous [P]{.ul}rotein) [@pgen.1003937-Oyadomari1]. Thus CHOP induction has been proposed as a strategy for ameliorating cancer, and pharmacological ER stresses that induce CHOP can kill cancer cells, including hepatomas, *in vitro* [@pgen.1003937-Schonthal1], [@pgen.1003937-Moon1]. However, in at least one case CHOP appears to promote oncogenesis, when it is fused by genomic rearrangement with either the FUS/TLS protein or the EWS protein [@pgen.1003937-Crozat1]--[@pgen.1003937-Panagopoulos1]. Although the common association of conditions that predispose to HCC with activation of the UPR and ISR points to a possible role for these pathways in HCC pathogenesis, their contribution to the development and progression of liver cancer has not been tested.

Results {#s2}
=======

CHOP Is Upregulated in a Genetic Mouse Model of HCC {#s2a}
---------------------------------------------------

To gain insight into the role of the UPR and ISR in HCC, we first sought evidence of UPR activation in liver tumors generated using a Sleeping Beauty (*SB*) transposon insertional mutagenesis system. In this approach, *SB* transposons containing promoter/enhancer and splice donor and acceptor elements are mobilized at random to induce insertional mutations. The system is activated when *SB* transgenic animals are crossed with SBase-expressing animals. Integrated transposons can alter the splicing or expression of nearby genes, leading to both gain- and loss-of-function mutations, and the positive selection of transposon-induced mutations drives tumorigenesis. This approach has the advantage that it ties altered physiology to a common genetic origin, and avoids the pleiotropy associated with drug-induced models of oncogenesis [@pgen.1003937-Dupuy1]. Mice with a mobilized T2/Onc3 transposon, which was optimized to promote oncogenesis in epithelial cells, produced many hepatocellular carcinomas and adenomas, among other malignancies of epithelial origin [@pgen.1003937-Dupuy2]. In liver tumors, the locus into which the transposon integrated most frequently was that of *Rtl1*, the molecular function of which has not yet been characterized [@pgen.1003937-Dupuy2], [@pgen.1003937-Riordan1].

The expression of UPR-regulated mRNAs in *Rtl1*-integrant tumors versus normal liver tissue was assessed as part of whole-transcriptome sequencing of total mRNA [@pgen.1003937-Riordan1]. (Only *Rtl1* integrants were used because these made up the vast majority of SB-induced tumors, and the number of samples from non-*Rtl1* integrants was insufficient to allow for meaningful quantitative comparison.) This analysis revealed enrichment of the ISR-regulated genes *Chop* and *Wars*, as well as multiple additional ISR target genes ([Figures 1A](#pgen-1003937-g001){ref-type="fig"} and [S1](#pgen.1003937.s001){ref-type="supplementary-material"}) [@pgen.1003937-Harding1], [@pgen.1003937-Harding2], [@pgen.1003937-Marciniak1], [@pgen.1003937-Ohoka1], but little or no upregulation of ER chaperones and ER-associated degradation factors, which are more prominently regulated by the PERK-independent IRE1α and ATF6α pathways of the UPR [@pgen.1003937-Lee1], [@pgen.1003937-Wu1] ([Figure 1A](#pgen-1003937-g001){ref-type="fig"}). This pattern of regulation was confirmed by quantitative RT-PCR (qRT-PCR) in independent tumor samples and normal liver controls ([Figures 1B](#pgen-1003937-g001){ref-type="fig"} and [S1](#pgen.1003937.s001){ref-type="supplementary-material"}). There was also no enrichment in tumors of the spliced form of *Xbp1* mRNA, which is produced when the IRE1α pathway of the UPR is activated and which serves as a general sentinel for UPR (but not ISR) activation [@pgen.1003937-Walter1] ([Figure 1B](#pgen-1003937-g001){ref-type="fig"}). In immunohistochemical analysis using an antibody that we confirmed was specific for CHOP ([Figure S2](#pgen.1003937.s002){ref-type="supplementary-material"}), tumor samples consistently displayed scattered CHOP-positive nuclei. CHOP immunostaining was observed in the two non-*Rtl1* tumors that were examined as well (unpublished data). In contrast, normal liver exhibited essentially no CHOP staining ([Figure 1C](#pgen-1003937-g001){ref-type="fig"}). Consistent with our transcriptome sequencing and qRT-PCR results, the tumor samples did not differ from normal liver with respect to expression of the abundant ER chaperone BiP ([Figure 1D](#pgen-1003937-g001){ref-type="fig"}). Taken together, these results suggest that HCC is characterized at the level of gene expression by activation of an ISR and upregulation of CHOP, but not by activation of a canonical UPR.

![CHOP is upregulated in a genetic mouse model of HCC.\
(A) eIF2α-dependent genes are upregulated in tumors induced by *SB* mutagenesis. Relative expression of the indicated UPR genes in tumors versus normal mouse liver tissue, as quantified by transcriptome sequencing. Sequencing was performed on total RNA from mouse liver tumors generated by T2/Onc3 transposition into the *Rtl1* locus (n = 8) and age-matched normal liver tissue (n = 7). The branch of UPR signaling to which each gene is most responsive is indicated. Here and in (B), error bars represent means +/− S.D.M. Here and elsewhere: \*, p\<0.05; \*\*, p\<0.01; \*\*\*, p\<0.001. (B) qRT-PCR of *SB*-induced tumors confirms upregulation of *Chop*. Relative expression of the indicated genes quantitated by qRT-PCR from tumors arising from T2/Onc3 *Rtl1* locus integrants (n = 7), compared to expression in normal tissue (n = 5). Relative expression of total (tot) and spliced (spl) *Xbp1* mRNA is also shown. mRNA levels were normalized against average expression of 2 housekeeping genes (*Btf3* and *Ppia*). (C and D) CHOP and BiP expression, respectively, in tumors from *Rtl1* locus integrants and normal liver tissue from age-matched control animals using IHC. Also shown for CHOP staining are hematoxylin-counterstained samples, with exemplar CHOP-positive nuclei indicated by arrowheads. All scale bars throughout this work represent 50 µm unless indicated otherwise. The same anti-mouse immunoglobulin secondary antibody was used for both CHOP and BiP immunostains.](pgen.1003937.g001){#pgen-1003937-g001}

CHOP Promotes Oncogenic Transformation *In Vivo* {#s2b}
------------------------------------------------

We next set out to determine whether CHOP promotes tumorigenesis *in vivo*. To test this hypothesis, 15 day-old male *C57BL/6J* and extensively (\>10 generations) backcrossed *Chop*−/− mice, which have a constitutive deletion of the majority of the CHOP open reading frame [@pgen.1003937-Zinszner1], were given a single intraperitoneal injection of the liver carcinogen diethylnitrosamine (DEN), and then aged to 9 months. The DEN model was used for these experiments because, unlike the *SB* model, it is accompanied by hepatic inflammation and fibrosis, and thus more closely mimics the events associated with human HCC [@pgen.1003937-Starkel1]. At 9 months, DEN treatment produces mostly basophilic foci and hepatocellular adenomas, and gives rise to carcinomas at later time points [@pgen.1003937-Vesselinovitch1]. Animals of both genotypes formed multiple liver nodules and, occasionally, large tumors. As expected, nodules and tumors were characterized to varying degrees by hyperproliferation, pleiomorphism, vacuolization, and loss of cellular architecture characteristic of foci of cellular alteration, basophilic foci, or hepatocellular adenomas ([Figure 2A](#pgen-1003937-g002){ref-type="fig"}). Tumors from DEN-treated mice showed elevated eIF2α phosphorylation ([Figure 2B](#pgen-1003937-g002){ref-type="fig"}) and upregulation of *Wars* and *Chop* mRNA ([Figure 2C](#pgen-1003937-g002){ref-type="fig"}), consistent with the idea that hepatic oncogenesis is associated with an activated ISR and upregulation of *Chop*.

![*Chop*−/− animals are resistant to DEN-induced tumorigenesis.\
(A) A single injection of DEN induces liver tumors in wild-type and *Chop*−/− mice. 15 d.o. wild-type (n = 24) and *Chop*−/− (n = 28) male mice were injected i.p. with 25 mg/kg DEN or PBS (n = 3 per genotype) and aged to 9 months. Liver sections were analyzed by hematoxylin and eosin staining. Histology of representative uninvolved tissue (i.e., tumor-free), nodules, and large tumors from both genotypes is shown. Scale bar = 100 µm. (B) DEN treatment induces eIF2α phosphorylation. Total and phosphorylated eIF2α were detected by immunoblot in normal liver and tumor tissue from wild-type animals. Each lane represents a separate animal. Hairline indicates electronic splicing of non-contiguous lanes, which were taken from the same exposure and processed identically. \* represents a nonspecific band. (C) eIF2α target genes are upregulated in tumors from DEN-treated mice. The indicated mRNAs were quantitated by qRT-PCR as in [Figure 1](#pgen-1003937-g001){ref-type="fig"} from large tumors of DEN-injected wild-type animals (n = 3), compared against normal liver tissue from PBS-injected wild-type animals (n = 3). Error bars represent means +/− S.D.M. (D--F) Fewer and smaller tumors in *Chop*−/− mice. (D) Surface nodules were counted from the animals described in (A) above, blinded to genotype. P-value was calculated by Asymptotic Wilcoxon Rank Sum Test. (E) Smaller tumors in *Chop*−/− mice. Average cross-sectional area of nodules from H&E-stained liver slices of animals from (A) was determined using Image J, and is shown here +/− S.E.M. p-value was calculated by two-tailed student\'s t-test. (F) Representative liver photos derived from either wild-type or *Chop*−/− mice from (A) are shown. CHOP immunostaining was observed in all tumors or nodules from wild-type animals for which it was examined. PBS-injected animals of both genotypes were tumor-free (unpublished data) (G) CHOP induced by DEN is detected by immunohistochemistry. CHOP expression in liver sections derived from either wild-type or *Chop*−/− mice from (A) is shown by IHC, with a hematoxylin counterstain.](pgen.1003937.g002){#pgen-1003937-g002}

We found that *Chop*−/− mice were significantly protected from DEN-induced tumorigenesis; the median number of liver surface nodules per animal was reduced by 50 percent compared to that in their wild-type counterparts, and nodules in *Chop*−/− mice had on average approximately one-third the cross-sectional surface area of nodules in wild-type animals (equivalent to approximately a 6-fold difference in nodule volume) ([Figures 2D--F](#pgen-1003937-g002){ref-type="fig"}). The liver weight-to-body weight ratio was not significantly different between the two genotypes (unpublished data). Consistent with our findings for *SB*-induced tumors, CHOP-positive nuclei were seen by IHC in DEN-treated wild-type animals ([Figure 2G](#pgen-1003937-g002){ref-type="fig"}). Thus, CHOP upregulation is common to both genetic and pharmacological models of HCC.

CHOP Deletion Reduces Apoptosis and Proliferation {#s2c}
-------------------------------------------------

The strong association of CHOP with apoptosis in both cells and animal models of various diseases could have suggested an anti-oncogenic function for this protein. However, we hypothesized that CHOP might instead promote HCC by facilitating the compensatory proliferation that accompanies hepatocyte cell death and that is thought to characterize HCC [@pgen.1003937-Maeda1]. This hypothesis predicted that in DEN-treated *Chop*−/− animals, the expression of *both* cell death and proliferative markers would be lower than in wild-type animals. Indeed, while staining for the active form of Caspase-3 revealed foci of extensive apoptosis primarily (though not exclusively) associated with nodules in wild-type mice, apoptosis was dramatically reduced in *Chop*−/− animals ([Figure 3A](#pgen-1003937-g003){ref-type="fig"}). Proliferation, which was associated with both nodular and non-nodular areas in wild-type animals, was also attenuated in *Chop*−/− mice, as seen by staining for the proliferative markers PCNA and Ki-67 ([Figure 3B and 3C](#pgen-1003937-g003){ref-type="fig"}). Blinded scoring revealed that the reduction of both markers in *Chop*−/− livers was significant ([Figure 3D](#pgen-1003937-g003){ref-type="fig"}). These results show that CHOP promotes hepatocellular proliferation despite---or perhaps because of---its apoptotic function.

![CHOP promotes hepatocellular apoptosis and proliferation.\
(A) *Chop*−/− mice show reduced cell death upon DEN challenge. Apoptosis in vehicle- or DEN-treated livers of wild-type or *Chop*−/− mice was detected by IHC staining for the cleaved form of Caspase-3. Liver nodule borders are indicated by a dashed outline. Hematoxylin counterstain is not shown because it interfered with Caspase-3 staining. In (A--C), representative images are shown. (B--D) Reduced proliferation in *Chop*−/− DEN-challenged animals. Hepatocellular proliferation was detected by IHC staining for PCNA (B) or Ki-67 (C). (D) The extent of PCNA and Ki-67 staining was quantitated blindly as described in the [Materials and Methods](#s4){ref-type="sec"}. P-values were determined by Asymptotic Wilcoxon Rank Sum Test.](pgen.1003937.g003){#pgen-1003937-g003}

CHOP Promotes Fibrosis {#s2d}
----------------------

The progression of alcoholic or non-alcoholic fatty liver disease to fibrosis sharply increases the risk of developing HCC [@pgen.1003937-Baffy1]. A study of hepatic fibrosis in the bile duct ligation model of cholestatic liver injury revealed that this condition is promoted by CHOP [@pgen.1003937-Tamaki1]. More recently, however, CHOP was shown to protect animals from fibrosis induced by dietary steatohepatitis [@pgen.1003937-Malhi1]. We found that chronic challenge of wild-type mice with the hepatotoxin carbon tetrachloride (CCl~4~) induced fibrotic deposition, as revealed by blue collagen fibers in Masson\'s trichrome staining ([Figure 4A](#pgen-1003937-g004){ref-type="fig"}). CHOP immunostaining was evident in histological sections of these livers but not controls ([Figure 4B, C](#pgen-1003937-g004){ref-type="fig"}), demonstrating that CHOP expression occurs not only in tumors and nodules, but also in association with a key upstream predisposing event (fibrosis).

![CHOP is induced by fibrotic insult and promotes fibrosis.\
(A) CCl~4~ injection promotes collagen deposition. Masson\'s trichrome staining was used to assess collagen deposition (blue) in formalin-fixed paraffin-embedded liver sections of mice injected i.p. with 10% CCl~4~ twice a week for 12 weeks, or with mineral oil as a control. (B--C) CHOP expression is associated with CCl~4~-challenged livers. (B) CHOP was detected by IHC in mouse livers from (A) and samples were counterstained with hematoxylin as in [Figure 1C](#pgen-1003937-g001){ref-type="fig"}. Representative data are shown. (C) The number of CHOP-positive nuclei per microscopic field from (B) was quantitated in multiple fields from 3 mice per group, and is expressed here as mean +/− S.E.M. per field. (D--E) *Chop* deletion attenuates DEN-induced fibrosis. Mild-to-moderate fibrosis is seen in wild-type but not *Chop*−/− livers by trichrome staining after DEN treatment as in [Figure 2](#pgen-1003937-g002){ref-type="fig"}. Sections from two separate DEN-treated animals of each genotype are shown. (E) A METAVIR score was blindly determined from trichrome stains as described in the [Materials and Methods](#s4){ref-type="sec"}, and the p-value was calculated by Asymptotic Wilcoxon Rank Sum Test. 0 = no fibrosis; 1 = portal fibrosis lacking septa; 2 = portal fibrosis with some septa; 3 = abundant septa; 4 = cirrhosis.](pgen.1003937.g004){#pgen-1003937-g004}

Tumorigenesis following DEN treatment is accompanied by inflammation and hepatocyte injury [@pgen.1003937-Sakurai1], [@pgen.1003937-Sun1]. Repeated administration of DEN or the related DMN also leads to progressive fibrosis upon intoxicant cessation [@pgen.1003937-Starkel1], [@pgen.1003937-Zheng1]--[@pgen.1003937-Jenkins1]. Trichrome staining revealed that even a single post-natal DEN treatment led to mild-to-moderate fibrotic deposition in 9-month-old wild-type mice ([Figure 4D](#pgen-1003937-g004){ref-type="fig"}). However, significantly less deposition was observed in *Chop*−/− mice ([Figure 4D, E](#pgen-1003937-g004){ref-type="fig"}). These results demonstrate that CHOP expression is associated not only with tumors, but also with an agent that causes hepatocyte injury, and place CHOP upstream of the activation of fibrosis.

CHOP Deletion Alters the Expression of Immune and Inflammatory Genes {#s2e}
--------------------------------------------------------------------

We next asked whether gene expression in *Chop*−/− mice differed from wild-type mice *independent of an inciting stimulus* in a way that could account for the greater susceptibility of wild-type mice to fibrosis and oncogenesis. To do this, total RNA was prepared from liver homogenates of 9-month-old wild-type and *Chop*−/− mice, and gene expression was profiled by microarray. A small group of genes (less than 2 percent of those represented on the array) were differentially expressed (\>1.5-fold, p\<0.05) in normal liver tissue from *Chop*−/− mice compared to wild-type animals ([Figure 5A](#pgen-1003937-g005){ref-type="fig"}). Gene ontology (GO) pathway analysis of these genes revealed that this population was significantly enriched for mediators of innate immunity ([Figure 5B](#pgen-1003937-g005){ref-type="fig"} and [Table S1](#pgen.1003937.s005){ref-type="supplementary-material"}). The vast majority of these were expressed at lower levels in *Chop*−/− animals than in wild-type, and when only downregulated genes were considered in the pathway analysis, the significance of the immune and inflammatory GO pathway enrichments was strengthened ([Figure 5B, C](#pgen-1003937-g005){ref-type="fig"}). Similar expression differences were seen in the livers of wild-type versus *Chop*−/− DEN-treated animals, although, because those samples included both nodular and non-tumorous tissue, gene expression was more variable in general ([Figure S3](#pgen.1003937.s003){ref-type="supplementary-material"}). The expression of several immune and inflammatory genes was confirmed by qRT-PCR (unpublished data). These results are consistent with the known role of inflammation in promoting fibrosis and HCC [@pgen.1003937-Bataller1], in that the protected *Chop*−/− animals show evidence for suppressed pro-inflammatory gene expression even in the absence of an overt hepatotoxic challenge. These differences were not seen in young (∼8 week-old) mice, suggesting that they are more likely to reflect long-term indirect effects of CHOP function than to identify direct transcriptional targets of CHOP.

![Microarray profiling reveals CHOP-dependent differences in inflammation and ribosomal biogenesis genes.\
(A) Basal expression differences in *Chop*−/− mice. 18,138 significantly expressed genes were analyzed using Illumina MouseRef-8 v2.0 BeadChips, with total RNA from 9 month old mouse liver homogenate as input. The number and percentage of genes upregulated (upper left) and downregulated (lower right) in wild-type versus *Chop*−/− tissue is shown, showing only genes differing by 1.5-fold or more, p\<0.05. Expression is given on a log~2~ scale. In (A), (D), and (E), the position of *Chop* is shown as a yellow-filled circle. (B--C) Suppressed basal expression of genes involved in immune and inflammatory pathways in *Chop*−/− mice. (B, top) GO pathways enriched among all regulated genes in PBS-treated wild-type versus *Chop*−/− animals were determined using DAVID, with all pathways that were significantly enriched after Bonferroni correction shown. (B, bottom) Same as (top), but considering only genes downregulated in *Chop*−/− animals. (C) Average array-determined expression of genotype-dependent immune- and inflammation-related genes from PBS-treated animals is shown on a log~2~ scale +/− S.D.M. All genes shown are differentially expressed \>1.5-fold (i.e., \>0.585 on the y-axis), p\<0.05. (D) DEN treatment alters gene expression in wild-type mice. Scatter plot of all genes differentially expressed (\>1.5-fold; p\<0.05) in tumors from 9 month-old DEN-treated wild-type animals versus normal liver tissue in age-matched PBS-treated wild-type animals. The positions of *Nfe2*, *Cyclin D1* (*Ccnd1*), and *β-catenin* are indicated by red diamonds. (E--F) Uniform upregulation of genes involved in ribosome biogenesis in tumors from *Chop*−/− mice. (E) Scatter plot of gene expression from tumor tissue of DEN-treated wild-type animals compared to *Chop*−/− animals is presented, showing all genes differing by \>1.5-fold, p\<0.05. (F) Average expression of all ribosomal subunit genes that were significantly different (p\<0.05, fold-change \>1.5) in *Chop*−/− versus wild-type large tumors is shown on a log~2~ scale +/− S.D.M. as in (C).](pgen.1003937.g005){#pgen-1003937-g005}

We next compared gene expression in tumors derived from DEN-treated wild-type or *Chop*−/− mice, to determine whether CHOP influences not only the likelihood of tumor formation, but also gene expression in tumors once formed. As expected, tumors in DEN-treated wild-type mice showed many alterations to gene expression compared to vehicle-treated animals (\>1.5-fold, p\<0.05). These alterations included genes previously implicated in HCC that were upregulated in tumors including *Cyclin D1*, *β-catenin*, and *Nfe2* ([Figure 5D](#pgen-1003937-g005){ref-type="fig"}).

Approximately 3 percent of genes were differentially expressed in *Chop*−/− tumors compared to normal tumors (\>1.5-fold, p\<0.05) ([Figure 5E](#pgen-1003937-g005){ref-type="fig"}). Pathway analysis of CHOP-dependent differences in gene expression within tumors did not reveal significant enrichment of any pathway. However, when only genes that were *upregulated* in *Chop*−/− tumors were subjected to pathway analysis, the protein translation pathway (and only this pathway) was enriched to an extent that was highly significant (p∼2.6×10^−6^ after Bonferroni correction). Indeed, every gene without exception encoding a ribosomal protein that differed significantly with respect to tumor expression was expressed at higher levels in *Chop*−/− tumors than in wild-type tumors ([Figure 5F](#pgen-1003937-g005){ref-type="fig"}). These results suggest that CHOP influences ribosomal biogenesis in tumors, although the effect is likely indirect, because none of these genes contains a consensus CHOP-binding site or is influenced by transient CHOP overexpression [@pgen.1003937-Han1]. Whether these alterations result in enhanced ribosomal biogenesis and protein synthesis in *Chop*−/− tumors has yet to be determined.

CHOP Expression Is Associated with Human HCC {#s2f}
--------------------------------------------

To determine the relevance of our findings to human disease, we asked whether CHOP expression was associated with human HCC. We examined archival HCC tumor tissue as well as unaffected liver regions from HCC patients ("uninvolved") ([Figure 6A](#pgen-1003937-g006){ref-type="fig"}) and non-HCC liver specimens. We first confirmed that our antibody detected human CHOP specifically ([Figure S4](#pgen.1003937.s004){ref-type="supplementary-material"}). Using this antibody on human liver tissue we found extensive CHOP staining in almost all HCC samples (26/28; [Figures 6B, 6C](#pgen-1003937-g006){ref-type="fig"} and [Table S2](#pgen.1003937.s006){ref-type="supplementary-material"}). In contrast, unaffected liver tissue from HCC patients showed significantly less CHOP staining, and non-HCC liver samples showed less still ([Figure 6B, 6C](#pgen-1003937-g006){ref-type="fig"}). The degree of CHOP staining did not correlate with any clinical measure of HCC, including patient gender, age, Hepatitis B, C or CMV status, cirrhosis, or tumor grade; rather, CHOP was a nearly uniform biomarker for HCC ([Table S2](#pgen.1003937.s006){ref-type="supplementary-material"}). Dual staining for cell-type specific markers revealed that CHOP was expressed in hepatocytes, but not macrophages, bile ducts, or activated stellate cells within the liver ([Figure 6D](#pgen-1003937-g006){ref-type="fig"}). These data indicate that CHOP expression broadly characterizes HCC tumors, and suggest that the impacts of CHOP on inflammatory gene expression and fibrosis are relevant to human HCC.

![CHOP is expressed in human HCC tumors.\
(A) Histology of tumor-proximal liver (uninvolved HCC) and tumor (two regions) tissue from the same patient. H&E images are representative of 28 tumor samples and 5 uninvolved matched controls. For (A) only, scale bar = 100 µm (B--C) CHOP immunostaining is associated with human HCC but not uninvolved regions. (B) Samples from uninvolved tumor-proximal tissue and HCC tumors were probed for CHOP expression by immunohistochemistry. CHOP-positive nuclei are indicated by arrowheads. Cellular and nuclear architecture in some HCC samples was distorted as seen in the non-counterstained image, accounting for the large nuclei. Scale bar = 50 µm. (C) The average number of CHOP-positive nuclei per microscopic field per patient was quantitated blindly from 5 HCC tumors and their uninvolved matched controls, as well as from 4 non-HCC specimens, and these were aggregated by Boxplot. P-values were calculated by Asymptotic Wilcoxon Rank Sum Test. (D) HCC-associated CHOP is expressed in hepatocytes. Expression of CHOP (brown) and cell type-specific markers (blue) for hepatocytes (cytokeratin-18), macrophages (CD68), bile ducts (cytokeratin-7), or activated stellate cells (smooth muscle actin) is shown by immunohistochemistry, with a hematoxylin counterstain applied. Representative data are shown. Note that only hepatocytes show CHOP-positive nuclei; arrowheads are used to show CHOP-positive cells in other samples. Scale bar = 50 µm. Insets show 25 µm×25 µm regions with distinct CHOP-positive nuclei.](pgen.1003937.g006){#pgen-1003937-g006}

Discussion {#s3}
==========

This is the first report to our knowledge that links CHOP to hepatocellular oncogenesis. Our data lead us to propose a working model for the role of CHOP in HCC ([Figure 7](#pgen-1003937-g007){ref-type="fig"}): Hepatocyte injury, be it in the form of lipotoxicity associated with obesity, the toxicity of ethanol metabolism, viral hepatitis, or genotoxic challenge, leads to activation of the ISR and production of CHOP either directly or after the initial formation of preneoplastic lesions such as the foci of cellular alteration that constitute some of the nodules produced by DEN. CHOP is strongly functionally associated with cell death in multiple contexts [@pgen.1003937-Oyadomari1]. Consistent with that function, there is less cell death in the nodules of DEN challenged *Chop*−/− mice than wild-type animals ([Figure 3](#pgen-1003937-g003){ref-type="fig"}). CHOP might promote cell death by enhancing production of reactive oxygen species [@pgen.1003937-Walter1], although we as yet have found no evidence for altered ROS production in *Chop*−/− mice. Alternatively, CHOP-dependent cell death might also be provoked directly as a consequence of regulation of BCL-dependent pathways [@pgen.1003937-McCullough1], [@pgen.1003937-Puthalakath1], [@pgen.1003937-Zagorodna1]. The mechanism by which CHOP promotes hepatocyte cell death will be the subject of future investigation.

![Model for the role of CHOP in HCC.\
The simplest interpretation of the data presented is a linear pathway whereby CHOP promotes apoptosis, which in turn activates inflammatory signaling, leading to fibrosis, compensatory proliferation, and ultimately tumorigenesis. Fibrosis and cellular transformation might in turn exacerbate cellular stress and CHOP expression, amplifying the tumor-promoting function of CHOP.](pgen.1003937.g007){#pgen-1003937-g007}

We propose that initiation of cell death by CHOP provokes an inflammatory response, accounting for why *Chop*−/− mice show lower basal levels of inflammatory gene expression ([Figure 5](#pgen-1003937-g005){ref-type="fig"}). Although classically thought to be "silent," more recently apoptosis has been shown to stimulate inflammation through several mechanisms including failure to clear apoptotic bodies, activation of pro-inflammatory signals in Kupffer cells that engulf apoptotic bodies, and secretion of pro-inflammatory cytokines by the apoptotic cells themselves [@pgen.1003937-Canbay1]. We propose that inflammation stimulates hepatic stellate cell activation and fibrotic deposition, which would account for attenuated fibrosis in DEN-challenged *Chop*−/− animals ([Figure 4](#pgen-1003937-g004){ref-type="fig"}). Inflammation also promotes compensatory hepatocyte proliferation through the effects of mitogenic cytokines [@pgen.1003937-Sun1], the diffusible nature of which would explain why *Chop*−/− animals show fewer Ki-67- and PCNA-positive cells than wild-type animals, and why these cells, unlike caspase-3-positive cells, are more-or-less uniformly distributed throughout the liver ([Figure 3](#pgen-1003937-g003){ref-type="fig"}). The enhanced fibrosis and proliferation are then more likely to stimulate tumor formation. It is also possible that inflammation and fibrosis might further stimulate CHOP production, amplifying the effects of CHOP on tumorigenesis.

This work establishes a functional role for CHOP in hepatic oncogenesis. While previous microarray-based approaches have not suggested *Chop* as a gene of interest ([@pgen.1003937-Maass1] and references therein), our starting focus on UPR- and ISR-regulated genes allowed us to identify and subsequently experimentally validate a potential role for CHOP and provide a plausible pathway by which this role might be realized. The next step will be to test the key causal relationships with higher temporal resolution. Our data in *Chop*−/− mice allow us to place CHOP upstream of both fibrosis and tumorigenesis, since these animals are partially protected from both. Thus, we favor a model whereby the progression from CHOP expression to liver tumors occurs in a stepwise fashion, because this view is consistent with the prevalent notions of the etiology of HCC. Yet the observation that tumors in wild-type versus *Chop*−/− animals can be distinguished on at least one basis---the expression of ribosomal genes---and that CHOP expression seems most predominantly associated with nodules and tumors rather than surrounding non-transformed tissue in both mice and humans suggests that CHOP exerts an ongoing influence on tumor biochemistry. The fact that numerous genes encoding ribosomal subunits are upregulated in tumors from *Chop*−/− mice would suggest that CHOP ultimately inhibits protein synthesis. However, during the canonical ER stress response, CHOP is known to promote protein synthesis through upregulation of the regulatory GADD34 subunit of the PP1 phosphatase that dephosphorylates eIF2α [@pgen.1003937-Marciniak1]. Thus, it will be necessary to determine whether protein synthesis is actually altered in tumors from *Chop*−/− mice, and whether such alteration contributes to the apparent retardation of tumor growth seen in these animals.

Our findings do not exclude the possibility that CHOP only assumes an aggravating role in fibrosis and tumorigenesis after the process has already begun. Or, alterntively, CHOP might promote the steps of inflammation, fibrosis, and tumorigenesis independently of each other. Further experiments will be needed to determine when CHOP is expressed during the tumorigenic process, and more particularly, whether its expression precedes the formation of neoplastic lesions and fibrotic deposition, and whether it is expressed in less- or more-advanced tumors. These---along with an inducible expression system for CHOP in the liver, which has not to our knowledge been reported---would enable us to determine whether CHOP facilitates fibrosis and initial tumor formation, or instead promotes further tumorigenesis once tumors have already formed; either possibility would be consistent with the data presented here.

It is not currently clear whether the CHOP-independent ISR pathways activated during transformation also promote tumor growth or act against it, nor is the identity of the ISR kinase activated during the process. The balance of data suggest that ISR activation is generally anti-tumorigenic [@pgen.1003937-Dalton1], yet ISR activation can clearly promote tumor growth in at least certain instances [@pgen.1003937-BobrovnikovaMarjon1], [@pgen.1003937-Bi1], [@pgen.1003937-Blais1]. Liver-specific manipulation of the eIF2α kinases (PERK, PKR, HRI, and GCN2) will allow their roles to be tested. Also of potential use in this respect is a recently described inhibitor of PERK [@pgen.1003937-Axten1], [@pgen.1003937-Harding3], which, by blunting CHOP upregulation, might either protect against or reverse HCC in mouse models. The approximately 1000-fold selectivity of this molecule for PERK over other eIF2α kinases [@pgen.1003937-Axten1] will also enable determination of whether PERK is required for CHOP upregulation in these models.

Another question to be addressed in future work is the cell autonomy of CHOP\'s pro-oncogenic effects. CHOP expression is associated with hepatocytes rather than macrophages, bile ducts, or stellate cells in human HCC ([Figure 6](#pgen-1003937-g006){ref-type="fig"}), and appears to be so in mouse tumors as well (unpublished data). However, the immune and inflammatory genes that are differentially expressed in *Chop*−/− livers ([Figure 5](#pgen-1003937-g005){ref-type="fig"}) are largely expressed in immune cells rather than hepatocytes. It thus seems most likely that CHOP acts cell-non-autonomously by promoting inflammation and compensatory proliferation. Or, CHOP dependence might arise entirely from CHOP function in a non-hepatocyte cell type (such as Kupffer cells), with tumor-associated CHOP expression being merely coincidental. Alternatively, the fact that TLS-CHOP and EWS-CHOP fusions show direct transformation potential leaves open the possibility that CHOP is directly transforming in hepatocytes as well. The transforming activity of fused CHOP in myxoid liposarcoma has been attributed to its ability to interfere with the activity of other transcription factors of the C/EBP family, thereby interfering with the adipogenic differentiation program, including expression of the inducing factor PPARγ2 [@pgen.1003937-Adelmant1]--[@pgen.1003937-Batchvarova1]. Given the association of dysregulated lipid metabolism with HCC---particularly via the activity of PPAR family members [@pgen.1003937-Ockner1]--CHOP could promote HCC through altered lipid metabolism in parallel to an inflammatory mechanism, or such alterations could be the upstream stimulus that induces inflammation. Consistent with this idea, we recently demonstrated that CHOP alters expression of lipid metabolic genes including *Ppara* through interactions with C/EBP family members [@pgen.1003937-Chikka1]. Or, CHOP might act cell-autonomously to de-differentiate cells and thereby loosen the constraints on their proliferative capacity. Ultimately, tissue-specific manipulation of CHOP expression will be required to discriminate among these hypotheses. CHOP expression is correlated with poor prognosis in both colorectal cancer and mesothelioma [@pgen.1003937-Rask1], [@pgen.1003937-Dalton2] and elevated CHOP expression was seen in the central hypoxic regions of human cervical tumors [@pgen.1003937-Bi1]. Thus, understanding the mechanisms, both direct and indirect, by which CHOP promotes oncogenesis will likely have implications for other cancers beyond HCC.

Our results have revealed in CHOP an unexpected molecular link between hepatocarcinogenesis and the stimuli that predispose to it. Understanding how CHOP is induced by these stimuli and how it ultimately promotes tumorigenesis will suggest additional points for potential therapeutic intervention, which are sorely needed for HCC.

Note added in proof: It has come to our attention that, consistent with the results shown here, another group has found that *Chop*−/− mice are resistant to chemical hepatocarcinogenesis [@pgen.1003937-Scaiewicz1].

Materials and Methods {#s4}
=====================

Ethics Statement {#s4a}
----------------

All protocols for animal use were reviewed and approved by the University Committee on Use and Care of Animals at the University of Iowa, including provisions for minimizing animal distress and maximizing animal well-being that conform to NIH guidelines. Animals were fed standard rodent chow and housed in a controlled environment with 12 hr light and dark cycles. Human tissue and associated clinical information were obtained from de-identified samples, kept by the University of Iowa Department of Pathology. Analysis was IRB-exempt.

Animal Experiments {#s4b}
------------------

*Chop*−/− mice have been backcrossed in-house for \>10 generations into the C57Bl/6J line. Generation of HCCs from T2/Onc3-expressing mice has been described [@pgen.1003937-Dupuy2].

For DEN treatment, 15 d.o. C57Bl/6J and *Chop*−/− male mice were injected once intraperitoneally (i.p.) with 25 mg/kg DEN (Sigma) or PBS. The mice were sacrificed at 9 months of age. Externally visible nodules and large tumors were counted blinded to genotype. Portions of the liver and of large tumors were either fixed in 10% formalin or snap frozen. Nodule sectional surface area was quantitated in Image J.

For CCl~4~ treatment, 8 week-old male wild-type or T2/Onc3-expressing mice were given i.p. injections of 10% CCl~4~ in mineral oil. Mice were injected with 2.5 µl/g b.w. twice a week for a total of twelve weeks.

Histology {#s4c}
---------

IHC was performed with the GADD153/CHOP (Santa Cruz, sc-7351); BiP (BD Biosciences, 610978); Ki-67 (Epitomics, 4203-1) or PCNA (Dako, M0879) antibodies, using the M.O.M. kit for detection (Vector Labs). Double staining was performed using antibodies against cytokeratin 7 (Epitomics, 2303-1), cytokeratin 18 (Epitomics, 3258-1), CD68 (Epitomics, 2135-1), or SMA (Abcam, ab5694) in conjunction with the GADD153 antibody using the Tandem Dual Staining kit (Epitomics). Cleaved Caspase-3 immunostaining was performed using the SignalStain Cleaved Caspase-3 (Asp175) IHC Detection Kit (Cell Signaling). Sections were visualized using a Nikon light microscope with a 10× or 20× objective.

All histological scoring was performed blinded to genotype. The level of fibrosis was scored using the METAVIR scoring system. For each sample, six pictures at different locations within the sample were taken and individually scored. The six scores were averaged to generate final scores for the individual samples, and were analyzed for significance by a Wilcoxon rank sum test. Ki-67 staining was scored as follows: A score of 0 indicated between 0 to 10 Ki-67-positive nuclei stained per field of view; 1, 11 to 40; 2, 41 to 100; and 3, over 100. PCNA scoring was similar: 0: 0--5 PCNA-positive nuclei per field; 1: 6--20; 2: 21--50; and 3: 51+. Both Ki-67 and PCNA scoring were grouped and statistically analyzed as for fibrotic scoring.

Molecular Analysis {#s4d}
------------------

Transcriptome sequencing was performed as described, and the raw data provided as supplemental material therein [@pgen.1003937-Riordan1]. Primer sequences for qRT-PCR analysis, performed as described [@pgen.1003937-Rutkowski2], are listed in [Table S3](#pgen.1003937.s007){ref-type="supplementary-material"}. We normalized qRT-PCR expression against two housekeeping genes rather than one to help ensure that changes in expression depended upon the mRNAs being analyzed rather than the housekeeping genes; for similar reasons we used *Btf3* and *Ppia* as normalizers because we have found their expression to be more uniform and more linear across a wider dynamic range than more commonly used normalizers such as *18s* rRNA, *actin*, or *Gapdh* (unpublished observations). Microarrays were performed by the University of Iowa DNA Core, starting from 100 ng of total RNA from livers of 9-month-old PBS-treated wild-type (n = 3) or *Chop*−/− (n = 3) animals, large tumors from DEN-treated wild-type (n = 3) or *Chop*−/− (n = 2) animals, or livers of 9-month-old DEN-treated wild-type (n = 6) or *Chop*−/− (n = 7) animals. Illumina MouseRef-8 v2.0 BeadChips were used according to the manufacturer\'s protocol. Hybridized arrays were stained with streptavidin-Cy3 (GE Healthcare, Piscataway, NJ). BeadChips were scanned with the Illumina iScan system, and data collected using GenomeStudio software v2011.1. Normalized expression data are given in [Table S4](#pgen.1003937.s008){ref-type="supplementary-material"}. The NCBI GEO accession number for microarray data is GSE51188. Pathway analysis was performed with DAVID.

Supporting Information {#s5}
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###### 

Further mRNA expression characterization in normal liver tissue and SB-derived tumors. (A) The expression of 9 genes previously described as ATF4-dependent (Harding et al. (2003) *Mol Cell* 11, 619) was assessed from the transcriptome analysis described in [Figure 1A](#pgen-1003937-g001){ref-type="fig"}. Expression is given in log~2~-transformed terms. (B) *Chop* expression by qRT-PCR of each individual normal or tumor sample from [Figure 1B](#pgen-1003937-g001){ref-type="fig"} is shown.

(PDF)

###### 

Click here for additional data file.

###### 

IHC antibody specifically detects CHOP in mouse liver. Livers from wild-type or *Chop*−/− mice were resected 8 hours after injection with PBS or 1 mg/kg of the ER stress-inducing agent tunicamycin (TM). They were then fixed in formalin and probed for CHOP expression by IHC.

(PDF)

###### 

Click here for additional data file.

###### 

Suppression of immune and inflammatory genes in DEN-treated *Chop*−/− livers. mRNA expression from livers of 9 month-old DEN-treated wild-type (n = 6) or *Chop*−/− (n = 7) animals were analyzed by microarray as in [Figure 5](#pgen-1003937-g005){ref-type="fig"}. Because these samples included both nodular and uninvolved tissue, gene expression levels were considerably more heterogeneous. Nevertheless, of the 19 downregulated genes shown in [Figure 5C](#pgen-1003937-g005){ref-type="fig"}, 8 were also significantly downregulated in *Chop*−/− DEN-treated livers, one (*Clec7a*) was near the threshold of significance (p∼0.06) and none was significantly upregulated.

(PDF)

###### 

Click here for additional data file.

###### 

IHC antibody specifically detects CHOP in human cells. Human alveolar epithelial A549 cells were treated with the ER stress-inducing agent thapsigargin (TG; 500 nM) for 16 hours, and CHOP was detected by immunofluorescence. Brightfield images show the same fields of view. This result establishes the specificity of the CHOP antibody in human cells.

(PDF)

###### 

Click here for additional data file.

###### 

Genes differentially regulated in untreated wild-type versus *Chop*−/− livers.

(PDF)

###### 

Click here for additional data file.

###### 

CHOP positivity with relationship to patient status.

(PDF)

###### 

Click here for additional data file.

###### 

Primer sequences used.

(PDF)

###### 

Click here for additional data file.

###### 

Normalized log~2~-transformed Microarray data using Illumina MouseRef-8 v.2.0 BeadChips.

(XLSX)

###### 

Click here for additional data file.
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